Walls of the yeast form of Verticillium albo-atrum showed a granular appearance on the outer surface. The granular components could be extracted by alkali, revealing a fibrillar wall fabric. A region of circularly oriented microfibrils with a minute central ' orifice ' was commonly found at one of the cell poles and probably represented a bud scar. The material dissolved by alkali was a heteropolysaccharide-protein complex containing mannose, galactose, glucose, glucuronic acid, glucosamine and the common range of amino acids. The alkali-insoluble microfibrillar network was made of a Plinked glucan and chitin. The glucan was digested by endo-P-glucanases yielding glucose, P-I ~-1inked glucose oligomers and cellobiose, but no evidence for cellulose was found. Most of the glucan was also soluble in hot acid. The acidinsoluble glucan (hydroglucan) contained p-I ,6-links. Acid treatment produced coarse microfibrils resembling those in Saccharomyces cerevisiae walls * treated similarly. The hydroglucan was soluble in alkali leaving an insoluble microfibrillar network composed mainly of chitin. A small amount of lipid (2.7 to 3.473, mostly of the bound type, and traces of phosphate were also found.
INTRODUCTION
Little is known about the biochemical basis of differentiation in Verticillium alboatrum, a fungus which causes wilt diseases of a wide range of economically important plants. Brandt and his associates (Brandt, 1962 (Brandt, , 1964 (Brandt, , 1965 Brandt & Reese, 1964; MacMillan & Brandt, 1966) have clarified some of the events leading to microsclerotial formation but nothing is known about the biochemistry of vegetative development in this organism.
Verticillium albo-atrum is a dimorphic fungus. In stationary culture media, it grows as a typical mycelium; in shake cultures it can develop chiefly as budding yeast-like organisms (Malca, Erwin, Moje & Jones, 1966) . Significantly, the yeast form (also referred to as conidial or spore form) also occurs in infected tissues of cotton plants (Garber & Houston, 1966) . The dimorphism of V. albo-atrum is somewhat analogous to that of animal pathogens where the parasitic phase is usually the yeast phase. The dimorphic capacity of V. albo-atrum plays an important role in pathogenesis; colonization of the upper parts of infected plants is by movement of the yeast form (conidia) through vascular tissue and not by mycelium spreading (Presley, Cams, Taylor & Schnathorst, I 
966).
This report describes the walls of the yeast form of Verticillium albo-atrum grown in shake culture. This is an initial effort to correlate cellular morphogenesis with wall used. Stock cultures were routinely maintained on yeast extract + potato + glucoseagar slopes at 25O. Slopes were inoculated with single cells to maintain morphological stability. The yeast from was grown in shake cultures in glucose nitrate medium (Malca et al. 1966 ) prepared by dissolving the ingredients, excluding phosphates, in 4/5 final vol. water. A solution of KH2P04 and K2HP04 (pH 6.4) was prepared separately, both were autoclaved 20 min. at I~I ' , then mixed aseptically. Unless otherwise specified, 50 ml. medium in a 250 ml. Erlenmyer flask was inoculated with I ml. of a 7 day liquid culture which had been freed of a small proportion of mycelium by passing through a double-layer of sterile cheesecloth. The yeast suspension which emerged was centrifuged at ~o o o g , rinsed with sterile water and suspended to 106 to 10' organisms/ml. and used as an inoculum. Cultures were incubated in a rotary shaking incubator at 25' for 5 to 7 days. The yeast form was harvested after filtration through nylon mesh (in place of cheesecloth to avoid contamination with cellulose fibres) to remove hyphae; centrifuged at 10,000 g for 10 min. at I' and rinsed twice with 10 vol. cold 0.05 M-tris-HC1 buffer, pH 7-5.
Isolation of walls. The organisms were suspended in 3 vol. cold 0.05 M-tris-HCl buffer, pH 7-5, and the slurry transferred to a 50 ml. Bronwill MSK homogenizer glass container to which an equal vol. of acid-washed glass beads (0.25 to 0.30 mm. in diameter) had been added. After four 15 sec. treatments with 5 sec. intervals for cooling, while liquid C 0 2 was flushed continuously around the flask (at the end of a run, the temperature of the container seldom exceeded 15") the glass beads were allowed to sediment and the broken cell suspension was decanted into a centrifuge tube. The walls were centrifuged at 5008 for 5 min. at 0". The pellet was suspended in 5 vol. buffer and blended at the top speed of a Virtis 45 homogenizer for 2 min. and centrifuged again at 5008.
The entire breakage and washing procedure was repeated four or five times to obtain a wall preparation with less than 0.1 yo unbroken cells. Cytoplasmic debris was eliminated after 20 to 30 cycles of centrifugation and homogenization. Walls, stained with Lugol's iodine solution, were examined with a Reichert phase-contrast microscope and glass bead fragments were removed by consecutive I-min. centrifugation at 50, IOO and 200g. The pellet resulting from each centrifugation was suspended in water and centrifuged again at the same speed, while the supernatant fluid was combined with the residue sedimenting at the next higher speed. Purified walls were lyophilized and stored in a desiccator. Chemical analyses. Two types of hydrolysate were prepared. H2S04 hydrolysate : dry wall samples were soaked with 22.5 N-H2S04 and incubated at 30" for 3 h. The acid was diluted to 0.85 N and heated at 97" for 4 h. HCl hydrolysate: dry wall samples were suspended in 6 N-HCl, sealed in ampules under N2 and hydrolysed at 105" for different times. The HCl was evaporated to dryness under vacuum in a rotary evaporator, or in a desiccator over NaOH pellets under vacuum at 45" overnight.
H,S04 hydrolysates containing neutral sugars were neutralized with BaCO, and de-ionized with a double bed of Dowex-1 (acetate form)+Dowex-50 (H+ form). Sugars were separated on paper chromatograms (Whatman 3 MM) irrigated in descending fashion with either butanol + pyridine + water (BPW) (6 + 4 + 3, by vol.) or ethyl acetate + acetic acid + water (EAW) (9 + 2 + 2, by vol.) for 36 h. or longer. Sugar spots were revealed with aniline phthalate (Dawson et al. 1959) . For quantitative measurements, unsprayed portions of the chromatogram containing suspected sugars were cut out, eluted, and the sugar estimated by the anthrone method.
For gas-liquid chromatography (g.l.c.), hexose samples were converted to their corresponding alditol acetates. They were reduced to the corresponding alditols by sodium borohydride at room temperature for 3 h.; the resulting mixture was decationized through a Dowex-50 (H+ form) column and the borate in the flltrate was evaporated off with methanol + I yo (v/v) acetic acid. The alditols were acetylated with acetic anhydride and pyridine (Hause, Hubicki & Hazen, 1962 Nickerson, 1962) . Reducing sugars were determined by the method of Somogyi & Nelson (Hodge & Hofreiter, 1962) . Glucose was assayed by glucose oxidase reagent (Glucostat ' special' ; Worthington Biochemical Corp., New Jersey, U.S.A.).
Uronic acids in the neutralized H2S04 hydrolysate were separated by column chromatography. After neutralization with BaCO, the cleared supernatant fluid was placed on a Dowex-1 (acetate form) column. Uronides were eluted in Ioml. fractions by a linear gradient of acetic acid (0 to 2 M; total vol. 1000 ml.). A modified carbazole reagent (Bitter & Muir, 1962 ) was used to detect uronic acid. Uronic acids and aldobiouronic acids were identified by reduction to the corresponding hexoses and neutral disaccharides, respectively, by way of the methyl ester methyl glucoside which was reduced with sodium borohydride (Lewis, Smith & Stephen, 1963) and acid hydrolysed to liberate the free monomers.
Total amino acid+ in HCl hydrolysates was determined by ninhydrin after elimination of interfering glucosamine (Bartnicki-Garcia & Nickerson, I 962). Individual amino acids and amino sugars were estimated in a Spinco automatic amino acid analyser, model I 20 C. Total phosphate was determined spectrophotometrically (Dryer, Tammes & Routh, 1957) . Free and bound lipids were extracted as described previously (Bartnicki-Garcia & Nickerson, I 962).
Physical techniques. Infrared spectra of purified walls in KBr pellets, and of alditol hexa-acetates in chloroform, were determined with a Perkin-Elmer spectrophotometer. Optical rotations were measured with a Bendix automatic polarimeter. X-ray diagrams Maley9 1959).
of purified wall samples spread on glass microslides were obtained with a Norelco Philips recording diffractometer using CuKa radiation. Chemically extracted wall residues were shadowed with Pd and examined in a RCA electron microscope, model Enzymic digestion. A glucanase preparation from Streptomyces sp. QMB 8 I 4 containing chiefly /3-I ,3-and /%I ,4-endoglucanases was obtained through the courtesy of Dr E. T. Reese (U.S. Army Quartermaster Research and Engineering Center, Natik, Massachusetts, U.S.A.). Cell walls were digested in I 2-ml. glass-stoppered centrifuge tubes at 50" for 36 h. A typical digestion mixture consisted of 5 ml. 0.05 M-sodium citrate buffer (pH 5*75), I mg. Streptomyces endoglucanases and 10 mg. cell walls. Digestion was stopped by heating at 97" for 5 min., and the mixture centrifuged at Iooog for 10 min. The supernatant was de-ionized with Dowex resins as indicated above, and the soluble digestion products then separated by paper chromatography.
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RESULTS
At harvest time, our cultures of Verticillium albo-atrum had very little mycelium and contained mainly a heterogeneous assortment of single cells in different stages of development. Some of the cells were identical in appearance to conidia or phialospores (Cole & Kendrick, 1969) and may have originated in part from true conidiophores formed on the mycelium prevalent in the first days of incubation. The large majority, however, were 'secondary conidia' produced by a budding process from large single cells, which in turn were derived from the initial conidia. The buds were frequently formed, not on the surface of the mother cell but at the end of a tubular process of variable length, which when well developed, resembled the phialide of a true conidiophore (Pl. I, fig. I ). Thus the development of these buds has been considered equivalent to true conidation and the daughter cells named ' secondary conidia' (Buckley, Wyllie & DeVay, 1969) . In addition to conidia, a large portion of the culture consisted of single vegetative cells in different stages of budding.
Chemical composition
Chemical fractionation. Purified walls were chemically fractionated into alkalisoluble, acid-soluble, acid-insoluble but alkali-soluble and insoluble residue fractions. The composition of these fractions is summarized in Table I and a description of the principal components follows.
Heteropolysaccharide complex. This appeared to be the major component of the alkali-soluble fraction. On hydrolysis with N-acid it yielded D-glucuronic acid, Dmannose, D-galactose and D-glucose. In addition, D-glucosamine (Table 2 ) and the range of amino acids commonly found in fungal walls were detected in HCl hydrolysates of the alkali-soluble fraction ( Table 3) . The hexosamine was identified as glucosamine by oxidation with ninhydrin which yielded arabinose ; the presence of mannosamine which also yields arabinose was ruled out by paper electrophoresis of the amino sugar in I yo sodium borate. Up to 2 % glucosamine was detected, but its polymeric state is unknown. To exclude the possibility that this glucosamine arose from chitin, the alkali-soluble fraction was put through a Millipore filter (type HA; pore size 0.45 pm) to remove any contaminating wall fragments. The glucosamine content of the filtrate remained essentially the same. Neutral sugars were separated by paper chromatography and by g.1.c. after conversion to their corresponding alditol acetates. In both instances, mobility was verified by co-chromatography with authentic samples. The properties of the alditol acetates are summarized in Table 4 . Glucose was also identified by the glucose oxidase assay. The relative proportions of the neutral sugars were glucose : galactose : mannose = 3-5 : 2.6 : I -0. The uronides present in the sulphuric acid hydrolysates were separated by column chromatography with Dowex-I, acetate form (Fig. 3) . The separation 'was performed on the alkali-soluble fraction as well as on a large sample of unextracted walls. Peak A contained mannose, galactose and glucose. Peak B contained an aldobiouronide of D-glucuronic acid and D-galactose. After reduction of the aldobiouronic acid to the neutral disaccharide, followed by acid hydrolysis, glucose and galactose were obtained in a I : I ratio and about 50 % yield. The compound of Peak C was identified as Dglucuronic acid by: (a) detection of both glucuronic acid and glucuronolactone on the the paper chromatogram; (b) formation of D-glucose upon reduction of the uronic acid.
Glucan(s). After removing alkali-soluble components, chiefly heteropolysaccharide and protein, wall residues consisted mainly of glucan(s) and chitin. Two glucan fractions were separated (Table 5) . By treatment with hot N-HC1, 25 % (wall basis) glucan was solubilized. Glucose was the only hexose detected in the acid hydrolysate (0.85 N-H2S04 at 105" for 10 h.) by paper chromatography using the BPW solvent system. This finding was confirmed by glucose oxidase assays. The remaining acid-insoluble glucan was essentially all dissolved by extraction with alkali (0.75 N-NaOH at 60" for 30 min.). Evidently the acid treatment not only dissolved most of the glucan but also rendered the rest alkali soluble. This alkali-soluble glucan reprecipitated on acidification. Following two cycles of solution and precipitation, the glucan was examined in the X-ray diffractometer (Fig. 2B) . The spectrum was similar to that of the 'hydroglucan' of Saccharomyces cerevisiae, with a strong reflexion in the 1-3 to 1-4 nm. Tube no. (compare Fig. 2 A with 3E) , and disappeared upon subsequent alkali extraction (compare Fig. 2 A with 3~) . 
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indicating the presence of D-1,6-linked residues. As with the acid treatment, a substantial (28% wall dry weight) amount of glucan(s) was also dissolved by treatment of the alkali-extracted cell walls with the p-glucanase mixture from Streptomyces sp. The solutions resulting from enzymic hydrolysis were de-ionized and chromatographed on Whatman 3 MM paper irrigated by BPW (Table 6 ). The major products were p-1,3-linked oligosaccharides in addition to glucose and cellobiose. Cellobiose and laminaritriose, which moved at the same rate (Rgln = 0.65)~ were eluted and separated by chromatography with the EAW system. Glucose was identified by purified glucose oxidase reagent (Glucostat 'special'). The oligomers were identified by: (i) paper cochromatography with authentic compounds in at least two solvents; (ii) susceptibility to a purified p-glucosidase (Worthington Biochemical Corp.) with negligible aglucosidase activity; (iii) lead tetraacetate oxidation (Perlin, I 955) . In the latter, oxidized p-I ,3-sugars gave glucose and arabinose after acid hydrolysis ; erythrose and glucose were the major products from cellobiose. The identity of cellobiose was confirmed through the preparation of cellobiose octa-acetate (m.p. and mixed m.p. = I 96").
To exclude the possibility that cellobiose may have arisen by trans-glucosidation during the enzymic digestion, such as that noted in p-glucosidase (Reese, Maguire & Parrish, I 967), digestion of the alkali-insoluble wall residues was repeated in the presence of [14C]glucose. The low specific activity of each of the resulting oligosaccharides indicated that cellobiose and other p-I ~-1inked oligosaccharides were not likely transglucosylated products (Table 6) .
Despite the presence of cellobiose, no evidence for cellulose was obtained. Extraction with 17.5 % NaOH (under N,) (commonly used to separate hemicelluloses from a-cellulose in plant materials; Corbett, 1963 , did leave a substantial amount of insoluble glucan (50-5 %) in the walls of Verticillium albo-atrum. However, this result did not show that the alkali-insoluble glucan was a-cellulose since other P-glucans from fungal walls are known to be equally insoluble (Northcote & Horne, 1952; BartnickiGarcia, 1966) . Furthermore, other more specific tests for cellulose were negative: (a) Schweizer's reagent dissolved nearly the same amounts of carbohydrate as NaOH (17-5 %) but no cellulose was regenerated upon neutralization; (b) absence of X-ray reflexions of crystalline cellulose ( I or 11) from any of the cell wall fractions (Fig. 2, 3 ).
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Chitin. The reflexions of crystalline chitin were not clearly evident on the diagrams of the unextracted walls (Fig. 3 D) but the two broad peaks, about 0.95 nm. and 0.45 nm., probably corresponded to the major reflexions (0.98 nm. and 0-45 nm.) of authentic chitin. The reflexions remained essentially unchanged after removal of the alkalisoluble components from the wall (Fig. 3~) , but became more pronounced following consecutive extractions by hot N-acid and again by alkali (Fig. 3F) . Seemingly, this last residue consisted almost exclusively of chitin, The chitin content was estimated Fig. 2 . ' Hydroglucan ' in VerticiIlium albo-atrum walls. X-ray diagrams of alkali-extracted walls after treatment with hot N-acid (A); purified 'hydroglucan' from V. ah-atrum (B) and from Saccharomyces cerevisiae walls (c).
directly from the acid hydrolysate of the acid and alkali-insoluble residue in order to exclude glucosamine residues from non-chitinous constituents; consequently, the figures shown in Table 2 probably represent minimum estimates, since they do not account for losses incurred during both fractionation and hydrolysis.
Protein. Values of overall protein content estimated from total amino acid-N determinations ranged from I I -0 to 14.0 yo ( Table 2) and were higher than those calculated from the sum of individual amino acids by the automatic analyser (Table 3 ). The latter analyses showed that about 42 yo of the total amino acid content was associated with 4-2 the heteropolysaccharide in the cold alkali-soluble fraction. The rest appeared together with the glucan in the acid-soluble fraction. Only traces of amino acids were recovered from the acid-insoluble alkali-soluble fraction (hydroglucan). Only lysine and histidine residues were detected in the hydrolysate of the insoluble fraction comprised almost exclusively of chitin fibrils.
Lipids. Extraction of dry walls with ethanol +ether ( I + I , v/v) followed by chloroform yielded 0.4 to 0.6% of 'readily extracted lipid' ( Table 2 ) 
Walls of Verticillium
Physical structure Walls were extracted consecutively and examined under the electron microscope in shadow-cast specimens; the following observations were recorded :
(I) The outer surface of unextracted yeast walls of Verticillium albo-atrum had a coarsely and irregularly granulated appearance (Pl. 2, fig. 6) ; there was only a vague microfibrillar pattern underlying the surface granulation.
(2) After extraction with N-alkali (at 97" for 30 min.) the surface granules disappeared and the wall texture became fibrillar (PI. 2, fig. 7 ). The microfibrils were randomly oriented except at one of the cell poles where there was a region of circularly arranged microfibrils with a raised outer annulus and a minute central orifice or depression. These areas resemble the bud scars of Saccharomyces cerevisiae (Houwink & Kreger, 1953) . The central 'orifice' might be the septa1 pore observed by Buckley, Wyllie & DeVay (1969) in thin sections.
(3) Upon subsequent extraction with hot N-acid (at 97" for 30 min.), the interwoven network of microfibrils became more sharply defined as individual microfibrils had become thicker (Pl. 3, fig. 8 ). The fibrillar structure resembled the 'hydroglucan' network obtained from Saccharomyces cerevisiae walls (Houwink & Kreger, 1953) (PI. 3, fig. 10 ). The increased thickness of the microfibrils in S. cerevisiae and in Verticillium albo-atrum probably resulted from aggregation of the original microfibrils during the acid treatment (Houwink & Kreger, 1953) . In V. albo-atrum the microfibrillar network, at this stage in the extraction sequence, consisted of roughly equal proportions of chitin and glucan. It was not possible, however, to distinguish two types of microfibrils in the electron micrographs.
(4) Upon another extraction with 0.75 N-alkali (at 60" for 30 min.) the glucan (' hydroglucan ') was dissolved and the final residue contained almost exclusively randomly oriented chitin microfibrils (Pl. 3, fig. 9 ). The soluble 'hydroglucan' was reprecipitated twice (see above) and the resulting purified microfibrils are shown in PI. 3, fig. 11 .
DISCUSSION
Although the cultures studied contained some cells that may be regarded as true conidia, we prefer the term yeast to describe the overall appearance and developmental behaviour prevalent in our cultures. Buckley, Wyllie & DeVay (1969) were of the opinion that the process of 'secondary conidium' formation was not budding. However, since the cytological details of budding differ considerably among genuine yeasts (Streiblovh & Beran, 1969, we feel justified in using the term budding to describe the mutiplication of single cells in Verticillium albo-atrum. By using the term yeast we seek specifically to contrast this development with mycelial growth, and to point out that the duality of vegetative morphogenesis of V. albo-atrum falls within the realm of mycelial-yeast dimorphism, a widespread phenomenon among fungi (Romano, I 966) .
The walls of Verticillium albo-atrum, like the walls of other fungi, have a complex chemical composition consisting of polysaccharides, proteins and lipids. The polysaccharides, which are the principal components, are built from different monosaccharides: hexoses, amino sugar and uronic acid. The present work provides a further example of the existence of uronic acid in fungal walls, a fact which was only recently recognized (Gancedo, Gancedo & Asensio, I 966 ; Bartnicki-Garcia & Reyes, 1968 Mahadevan & Tatum (1965) detected a heteropolysaccharide of glucose, galactosamine, and glucuronic acid in Neurospora crassa. The heteropolysaccharide and protein components extracted by alkali from the walls of V. albo-atrum were probably surface and/or interfibrillar components. Thus upon alkali treatment the external surface of the walls lost its granular appearance and a randomly interwoven network of microfibrils was revealed.
This microfibrillar network consisted of P-glucan(s) and chitin. The glucan appeared to be mainly #?-1,3-linked with some /3-1,6-linkages as is true of most other fungi (Bartnicki-Garcia, 1968) . The glucan could be separated into two fractions by treatment with hot acid. However, there was no conclusive evidence that two distinct glucans were present. Conceivably, the glucan fraction dissolved by the hot acid was that portion susceptible to acid hydrolysis, while the hydroglucan represented the acid-resistant core of the glucan molecule. A similar behaviour was noticed for the alkali-insoluble wall glucans of Saccharomyces cerevisiae (Houwink & Kreger, I 953, Endomyws (Kreger, I 954, Phytophthora cinnamomi (Bartnicki-Garcia, I 966) and Schizophyllum commune (Wessels, 1969 , all of which formed ' hydroglucan ' upon acid treatment. The coarsely fibrillar appearance of the 'hydroglucan' might be an artefact (Houwink & Kreger, 1953) resulting from chain aggegation after removal of the acid-soluble portion (side branches?) of the glucan molecule.
Although cellobiose was isolated from the enzymic digestion of the alkali-insoluble glucan of Verticillium albo-atrum, the polymeric nature of P-I +linked glucose units remained uncertain. Protein was found associated with the heteropolysaccharide and with the alkali-insoluble network of chitin-glucan microfibrils. Presumably the walls contained polysaccharide-glucosamine-protein complexes analogous to those described for the walls of yeast (Nickerson, Falcone & Kessler, 1961 ; Sentandreu & Northcote, 1968) . The final insoluble residue made of chitin contained only two amino acids, lysine and histidine. These amino acids might represent the linking bridge between protein and chitin chains. In view of the presence of alkali-soluble glucosamine-containing components, estimates of chitin content based on the total amount of glucosamine (Isaac & Milton, 1967 ) may have to be revised.
It was recently noted that the wall composition of any fungus could be correlated with its taxonomic position (Bartnicki-Garcia, 1968) . Euascomycetes (and also Homobasidiomycetes and Chytridiomycetes) were characterized as fungi with the chitin-@-glucan type of cell walls. The present findings on Verticillium albo-atrum agree with this generalization. Fig. 7 . Microfibrillar texture and 'budding scars' in alkali-extracted walls of V. albo-atrum. x I 6,000.
PLATE 3 Fig. 8 . Microfibrillar network of Verticillium albo-atrum walls following consecutive alkali and acid extractions. x 27,000. Fig. 9 . Microfibrillar network of V. albo-atrum walls following consecutive alkali-acid-alkali extractions. x 3 I ,000. Fig. 10 . Microfibrillar network of Saccharomyces cerevisiae walls following same treatment as that in Fig. 8. x 26,000 . Fig. I I. Purified 'hydroglucan' microfibrils of V. albo-atrum. x 34,000.
